INTRODUCTION
============

Nystatin, a polyene antibiotic, is clinically important as a potent antifungal agent. Its relatively high affinity for ergosterol than for cholesterol enables the preferential interaction of polyene antibiotics with fungal, as compared with mammalian cells [@B002]; [@B006]. Nystatin exerts its antifungal activity through interaction with ergosterol in the membrane of antibiotic-sensitive organisms, resulting in formation of barrel-like membrane-spanning ion channels [@B011]. Nystatin also influences cellular function through its interaction with cholesterol to sequester it in the plasma membrane [@B002], thereby effectively reducing the ability of cholesterol to interact with and exert its effects on other membrane components [@B019]; [@B027]. Cholesterol sequestration alters composition of the plasma membrane micro-organization (lipid rafts), which relates to the function of receptors associated with inflammatory responses [@B031]; [@B009]. AbstractHowever, roles of the polyene antibiotic in conjunction with inflammatory responses are not clarified.

Macrophage inflammatory protein-1α (MIP-1α, CCL3) and MIP-1β (CCL4) are the highly related members of the CC chemokine subfamily [@B018]. Expression of MIP-1 is induced in most mature hematopoietic cells in proinflammatory conditions and MIP-1 proteins appear to orchestrate acute and chronic inflammatory host responses. Secretion of MIP-1α occurs upon stimulation of human monocytes with lipopolysaccharide (LPS), phytohemagglutinin, or lipoteichoic acids from Gram-positive bacteria [@B025]; [@B007]. Monocytes also produce high amounts of MIP-1β when stimulated with LPS [@B032]. MIP-1 proteins play critical roles in T-cell chemotaxis from the circulation to the sites of injury or infection [@B024] and in regulation of transendothelial migration of other immune cells, including monocytes and NK cells [@B016]; [@B029]. Binding of MIP-1 to its receptors - CCR1, CCR3, and CCR5 - causes activation of the receptors, leading to release of Ca^2+^ [@B001] and proinflammatory mediators such as leukotriene C4, arachidonic acid, or histamine [@B026]; [@B017]. In addition, MIP-1 proteins regulate immune responses through modulation of Th-differentiation [@B015]. Therefore, as MIP-1 proteins are key players in the pathogenesis of diverse inflammatory conditions, better understandings of mechanisms or factors associated with regulation of MIP-1 are important.

In this study, we have investigated the question of whether cholesterol sequestration leads to modulation of chemokine expression by treatment of macrophages with the sterol-binding antifungal polyene antibiotic nystatin. According to our results, sequestration of cholesterol in the macrophage membrane led to expression of proinflammatory MIP-1 chemokines. We have also identified the cellular molecules whose activities are increased in response to nystatin and their roles in expression of MIP-1 proteins.

MATERIALS AND METHODS
=====================

Cells
-----

THP-1 cells were cultured in RPMI medium 1640 supplemented with 10% fetal bovine serum (FBS) in a humidified atmosphere of 5% CO~2~ in the presence of penicillin (50 units/ml) and streptomycin (50 μg/ml). THP-1 cells were passaged every 2-3 days for maintenance of between 1,000 to 1,000,000 cells per ml in the culture medium. THP-1 cells in passages between 7 and 10 were used for experiments.

Reagents
--------

Nystatin, peptidoglycan (PG), LY294002, Ro-318220, GF109203X, and SP600125 were purchased from Sigma-Aldrich (St. Louis, MO, USA). U0126, SB202190, and Akt inhibitor IV (Akti IV) were purchased from Cell Signaling Technology (Danvers, MA, USA). Antibody against phosphorylated forms of extracellular signal-regulated kinase (ERK) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibody detecting phosphorylated forms of p38 mitogen-activated protein kinase (MAPK) was purchased from R&D Systems (Minneapolis, MN, USA). Antibodies against phosphorylated forms of Akt and phosphorylated forms of c-jun N-terminal kinase (JNK) were purchased from Cell Signaling Technology.

Enzyme-linked immunosorbent assay (ELISA)
-----------------------------------------

Commercially available ELISA kits were used according to the manufacturer's instructions (R&D Systems) for determination of the amount of MIP-1α and MIP-1β released from THP-1 cells into the culture medium. In brief, recombinant standards of MIP-1α and MIP-1β proteins provided in the kit and the isolated culture medium were added to a plate pre-coated with a monoclonal antibody against the chemokine. After incubation for 2 h, the plate was washed and incubated with an enzyme-linked polyclonal antibody specific for MIP-1α or MIP-1β. After several washes, the substrate solution was added, and the color intensity was measured. The amount of MIP-1α or MIP-1β present in the samples was determined from a standard curve. Data are expressed as average±standard deviation of triplicate experiments.

Reverse transcription (RT)-polymerase chain reaction (PCR)
----------------------------------------------------------

Total RNAs were reverse-transcribed for one hour at 42℃ with Moloney Murine Leukemia Virus reverse transcriptase, followed by PCR analysis using primers. The cDNA was denatured at 90℃ for 5 min followed by 25 cycles of PCR (95℃ for 30 sec, 55℃ for 30 sec, 72℃ for 30 sec). The primers for MIP-1α were 5-GGCTCTCTGCAACCAGTTCT-3 (forward) and 5-TTTCTGGACCCACTCCTCAC-3 (reverse), and the primers for MIP-1β were 5'-AAGCTCTGCGTGACTGTCCT-3' (forward) and 5'-GCTTGCTTCTTTTGGTTTGG-3' (reverse). Transcripts of glyceraldehydes-3-phosphate dehydrogenase (GAPDH) were amplified as an internal control. Primers for GAPDH were 5-GAGTCAACGGATTTGGTCCT-3 (forward) and 5-TGTGGTCATGAGTCCTTCCA-3 (reverse). The intensities of MIP-1α and MIP-1β bands were normalized relative to that of GAPDH, which was not changed by any of the treatments. Error bars represent the standard deviation of triplicate experiments.

Western blot analysis
---------------------

THP-1 cells were lysed with lysis buffer (1% SDS, 1 mM NaVO~3~, 10 mM Tris-HCl, pH 7.4) containing protease inhibitors, and supernatants were isolated after centrifugation (15,000 ×*g*, for 5 min, at 4℃). Cell lysates containing an equal amount of protein were separated by 12% SDS-PAGE and transferred to polyvinylidene fluoride membranes. After blocking for one hour in 5% skim milk in 0.1% Tween 20/TBS, the membranes were incubated at 4℃ with appropriate secondary antibody diluted in blocking solution overnight. After washing three times with 0.1% Tween 20/TBS for 10 min each, the membranes were incubated for one hour at room temperature with horseradish peroxidase-conjugated secondary antibodies diluted in blocking solution (1:5,000). After washing three times with washing buffer for 10 min each, bands were detected using chemiluminescent reagents.

Statistical analysis
--------------------

Statistical analyses were performed using one-way ANOVA, followed by Turkey's multiple comparison test, using GraphPad PRISM, version 5.0 (GraphPad Software Inc., San Diego, CA, USA).

RESULTS
=======

Upregulated expression of MIP-1α and MIP-1β in the presence of nystatin
-----------------------------------------------------------------------

In order to examine the effects of cholesterol sequestration on expression of MIP-1 proteins, we performed concentration experiments using nystatin. Results of ELISA analyses revealed secretion of a small amount of MIP-1 proteins by THP-1 cells and their secretion showed a tremendous dose-dependent increase in the presence of nystatin ([Fig. 1](#F001){ref-type="fig"}A). The amount of MIP-1α showed an increase from 14.7 pg/ml to 20.8, 147.6, and 1,125.9 pg/ml in the presence of 0.1, 1, and 10 μg/ml of nystatin, respectively. Similarly, the amount of MIP-1β secreted showed an increase from 10.8 pg/ml to 32.3, 279.1, and 863.2 pg/ml in the presence of 0.1, 1, and 10 μg/ml of nystatin, respectively. Using RT-PCR, we attempted to determine whether nystatin influenced expression of MIP-1 chemokines at the messenger level ([Fig. 1](#F001){ref-type="fig"}B). Transcription of MIP-1α and MIP-1β was barely detected in THP-1 cells in the absence of and in the presence of 0.1 m/ml nystatin. However, elevated levels of transcripts of MIP-1α and MIP-1β were observed in the presence of high concentrations of nystatin. Transcription of MIP-1α and MIP-1β was induced in the presence of 1 m/ml nystatin and became evident in the presence of 10 m/ml nystatin. We also performed time course experiments. Nystatin-mediated secretion of MIP-1α and MIP-1β proteins reached maximum 12 h post-treatment and showed a slight decrease thereafter ([Fig. 2](#F002){ref-type="fig"}A). Transcription of MIP-1α and MIP-1β was observed as early as 12 h post-treatment, and the induction persisted up to 48 h post-treatment with nystatin ([Fig. 2](#F002){ref-type="fig"}B).

![Effects of nystatin on secretion and transcription of MIP-1α and MIP-1β. (A) THP-1 cells (1×10^6^ cells/ml) were incubated for 12 h in the absence or presence of the indicated concentrations of nystatin. The amounts of MIP-1α and MIP-1β proteins released into the medium were measured by ELISA. \*\*\**p*\<0.001 vs. 0 μg/ml. (B) Transcripts of the *MIP-1α* and *MIP-1β* genes were amplified by RT-PCR after treatment. \*\**p*\<0.01 vs. 0 μg/ml. \*\*\**p*\<0.001 vs. 0 μg/ml.](ooomb4-21-42-g001){#F001}

Expression of MIP-1β in a cholesterol- dependent fashion
--------------------------------------------------------

We investigated the question of whether nystatin-induced expression of MIP-1 was influenced in the presence of cholesterol. Treatment with nystatin led to significant enhancement in secretion of MIP-1α from THP-1 cells, and nystatin-mediated MIP-1α secretion was not changed in the presence of 0.1, 1, and 10 m/ml of cholesterol. In the mean time, treatment with cholesterol resulted in significant decrease in the secretion of MIP-1β. The amount of MIP-1β secreted showed an increase from 11.3 pg/ml to 897.3 pg/ml in response to nystatin, which was significantly lowered in the presence of 10 μg/ml cholesterol ([Fig. 3](#F003){ref-type="fig"}A). Cholesterol also affected transcription of MIP-1β. The level of MIP-1β transcripts was reduced in the presence of 10 μg/ml cholesterol ([Fig. 3](#F003){ref-type="fig"}B).

![Effects of nystatin treatment periods on secretion and transcription of MIP-1α and MIP-1β. (A) THP-1 cells (1×10^6^ cells/ml) were incubated for the indicated time periods in the absence or presence of nystatin (10 μg/ml). The amounts of MIP-1α and MIP-1β proteins released into the medium were measured by ELISA. \*\*\**p*\<0.001 vs. 0 h. (B) Transcripts of the *MIP-1α* and *MIP-1β* genes were amplified by RT-PCR after treatment. \*\*\**p*\<0.001 vs. 0 h.](ooomb4-21-42-g002){#F002}

Active roles of JNK in nystatin-induced expression of MIP-1α and MIP-1β
-----------------------------------------------------------------------

Because disruption of cholesterol homeostasis of the membrane microdomain caused hyperphosphorylation of mitogen-activated protein kinases (MAPKs) [@B022], we investigated the question of whether nystatin induced activation of MAPKs by detection of phosphorylated forms of ERK, p38 MAPK, and JNK on western blots ([Fig. 4](#F004){ref-type="fig"}A). Treatment with nystatin resulted in enhanced phosphorylation of the kinases, which was observed 10 or 20 min post-treatment and reached maximum 30 min post-treatment with nystatin. We used inhibitors of SB202190 (a p38 MAPK inhibitor), SP600125 (a JNK inhibitor), and U0126 (an ERK inhibitor) in order to assess the roles of MAPKs in upregulation of MIP-1 proteins ([Fig. 4](#F004){ref-type="fig"}B, C). Treatment with SP600125 resulted in remarkably inhibited secretion of MIP-1α and MIP-1β which was enhanced in response to nystatin. MIP-1α secretion showed an increase from 12.1 pg/ml to 1,308 pg/ml in response to nystatin and the increase was reduced to 249.1 pg/ml in the presence of SP600125. MIP-1β secretion showed an increase from 10.5 pg/ml to 809.3 pg/ml in response to nystatin, which was reduced to 237.5 pg/ml in the presence of SP600125. However, SB202190 and U0126 did not influence nystatin-mediated secretion of MIP-1α and MIP-1β. Inhibitors of MAPKs also influenced transcription of *MIP-1* genes in a similar pattern as demonstrated by secretion of MIP-1 proteins. Treatment with SP600125 resulted in blockage of nystatin-induced transcription of MIP-1α and MIP-1β, while treatment with U0126 and SB202190 did not result in attenuated transcription of these genes.

![Effects of cholesterol on secretion and transcription of MIP-1α and MIP-1β. (A) THP-1 cells were stimulated for 12 h with or without nystatin (10 μg/ml) after treatment for 1 h with the indicated amount of cholesterol (Chol). The amounts of MIP-1α and MIP-1β proteins released into the medium were measured by ELISA. \*\*\**p*\<0.001 vs. control. ^\#\#^*p*\<0.01 vs. nystatin. (B) Transcripts of the *MIP-1α* and *MIP-1β* genes were amplified by RT-PCR after treatment. \*\*\**p*\<0.001 vs. control. ^\#\#^*p*\<0.01 vs. nystatin.](ooomb4-21-42-g003){#F003}

![Effects of MAPKs inhibitors on secretion and transcription of MIP-1α and MIP-1β. (A) THP-1 cells were exposed to nystatin for the indicated time periods, after which an equal amount of protein was analyzed by western blotting using antibodies against phosphorylated and unphosphorylated forms of ERK, p38 MAPK, and JNK. Cell lysate isolated fom THP-1 cells treated with PG was used as a positive control. (B) THP-1 cells were stimulated for 12 h with or without nystatin (10 μg/ml) after pretreatment for 1 h with the indicated MAPKs inhibitors (10 μM each). The amounts of MIP-1α and MIP-1β proteins released into the medium were measured by ELISA. \*\*\**p*\<0.001 vs. control. ^\#\#\#^*p*\<0.001 vs. nystatin. (C) Transcripts of the *MIP-1α* and *MIP-1β* genes were amplified by RT-PCR after treatment. \*\*\**p*\<0.001 vs. control. ^\#\#\#^*p*\<0.001 vs. nystatin.](ooomb4-21-42-g004){#F004}

Roles of phosphoinositide 3-kinase (PI3K)-Akt pathways in nystatin-induced expression of MIP-1α and MIP-1β
----------------------------------------------------------------------------------------------------------

Activation of MAPKs after disruption of cholesterol homeostasis can be occurred via a PI3K-dependent mechanism [@B004]. Therefore, using western blot analysis, we examined the phosphorylation of Akt in order to investigate the question of whether nystatin had an effect on Akt activity ([Fig. 5](#F005){ref-type="fig"}A). Treatment with nystatin resulted in enhanced phosphorylation of Akt. Enhanced Akt phosphorylation was observed 20 min post-treatment and maximum phosphorylation of Akt occurred 30 min post-treatment with nystatin, which was sustained up to 40 min post-treatment. We investigated the roles of Akt in expression of MIP-1 using Akti IV, which inhibits Akt activation, and LY294002, which inhibits PI3K that activates Akt ([Fig. 5](#F005){ref-type="fig"}B, C). Both inhibitors had a significant effect on expression of MIP-1 at the messenger and protein levels. Secretion of MIP-1α showed an increase from 16.9 pg/ml to 1,192 pg/ml, in response to nystatin, which was decreased to 352.4 pg/ml and was abolished in the presence of LY294002 and Akti IV, respectively. Similarly, secretion of MIP-1β showed an increase from 11.7 pg/ml to 826.8 pg/ml, in response to nystatin and the secretion was reduced to 352.4 pg/ml and almost completely blocked in the presence of LY294002 and Akti IV, respectively. In addition, both inhibitors had a similar effect on transcription of MIP-1. Treatment with Akti IV resulted in abrogated nystatin-induced transcription of MIP-1α and MIP-1β, and treatment with LY294002 resulted in attenuated transcription of these genes.

![Effects of LY294002 and Akti IV on secretion and transcription of MIP-1α and MIP-1β. (A) THP-1 cells were exposed to nystatin for the indicated time periods, after which an equal amount of protein was analyzed by western blotting using antibodies against Akt and phosphorylated Akt. Cell lysate isolated fom THP-1 cells treated with PG was used as a positive control. (B) THP-1 cells were stimulated for 12 h with or without nystatin (10 μg/ml) after pretreatment for 1 h with LY294002 and Akti IV (10 mM each). The amounts of MIP-1α and MIP-1β proteins released into the medium were measured by ELISA. \*\*\**p*\<0.001 vs. control. ^\#\#\#^*p*\<0.001 vs. nystatin. (C) Transcripts of the *MIP-1α* and *MIP-1β* genes were amplified by RT-PCR. \*\*\**p*\<0.001 vs. control. ^\#\#\#^*p*\<0.001 vs. nystatin.](ooomb4-21-42-g005){#F005}

![Effects of PKC inhibitors on secretion and transcription of MIP-1α and MIP-1β. (A) THP-1 cells were stimulated for 12 h with or without nystatin after pretreatment with Ro-318220 (1 mM) and GF109203X (3 mM). The amounts of MIP-1α and MIP-1β proteins released into the medium were measured by ELISA. \*\*\**p*\<0.001 vs. control. ^\#^*p*\<0.05 vs. nystatin. ^\#\#\#^*p*\<0.001 vs. nystatin. (B) Transcripts of the *MIP-1α* and *MIP-1β* genes were amplified by RT-PCR after treatment. \*\*\**p*\<0.001 vs. control. ^\#\#\#^*p*\<0.001 vs. nystatin.](ooomb4-21-42-g006){#F006}

Involvement of protein kinase C (PKC) in nystatin-induced expression of MIP-1proteins
-------------------------------------------------------------------------------------

PKC is required for JNK signaling in response to stress [@B014] and is critical for Akt phosphorylation in response to low density lipoprotein [@B020]. Because we observed that treatment with nystatin resulted in enhanced phosphorylation of both JNK and Akt, roles of PKC in nystatin-mediated upregulation of MIP-1 proteins were assessed using PKC inhibitors, Ro-318220 and GF109203X. Treatment with both inhibitors had a significant effect on secretion of the two chemokines ([Fig. 6](#F006){ref-type="fig"}A). Secretion of MIP-1α showed an increase from 24.5 pg/ml to 1,130.6 pg/ml, in response to nystatin and the increase was lowered to 393.8 pg/ml and 485.1 pg/ml in the presence of Ro-318220 and GF109203X, respectively. Secretion of MIP-1β was enhanced from 16.7 pg/ml to 832.2 pg/ml in response to nystatin, which was lowered to 540.1 pg/ml and 507.8 pg/ml in the presence of Ro-318220 and GF109203X, respectively. We also investigated the effects of PKC inhibitors on MIP-1 transcription ([Fig. 6](#F006){ref-type="fig"}B). Of the two chemokines, attenuated transcription of MIP-1α was observed in the presence of Ro-318220.

DISCUSSION
==========

The present study demonstrated that treatment of THP-1 human macrophages with nystatin resulted in upregulated expression of MIP-1α and MIP-1β at both mRNA and protein levels. To the best our knowledge, this is the first study demonstrating upregulation of MIP-1 family proteins in response to nystatin. Because nystatin is a cholesterol-sequestering agent, the ability of cholesterol to modify the effects of nystatin was investigated. Addition of cholesterol resulted in attenuated expression of MIP-1β while nystatin-induced expression of MIP-1α remained unchanged. These results indicate that MIP-1β expression is the more cholesterol-dependent of the two MIP-1 proteins. Cholesterol-enriched membrane microdomains, lipid rafts, can organize cellular signaling event in response to extracellular stimuli [@B003]. Signaling receptors, such as pattern recognition receptors, including Toll-like receptors (TLRs) facilitate the signal transduction [@B008]. Therefore, we investigated the question of whether TLR2/4 played roles in the nystatin-mediated expression of MIP-1 proteins using OxPAPC, a TLR2/4 inhibitor. We were not able to obtain data demonstrating that nystatin-mediated upregulation of MIP-1 proteins was attenuated by high concentration of OxPAPC (data not shown), at which blocked expression of MIP-1β induced by PG [@B013].

MAPKs, the serine/threonine-specific protein kinases that respond to extracellular stimuli and regulate various cellular activities, mediate inflammation by inducing chemokine production in response to various stimuli [@B012]; [@B005]. Treatment with nystatin resulted in elevated phosphorylation of ERK, p38 MAPK, and JNK, indicating activation of the three MAPKs by nystatin. Inhibition of ERK and p38 MAPK did not resulte in attenuated expression of MIP-1α and MIP-1β, while inhibition of JNK resulted in blocked expression of the chemokines at the messenger and protein levels. These results indicate that, among MAPKs, JNK pathway is involved in nystatin-induced expression of MIP-1.

PI3K is involved in activation of MAPKs under conditions that disrupt cholesterol homeostasis [@B004]. Therefore, we attempted to determine whether PI3K-Akt pathway was involved in nystatin-induced expression of MIP-1. Treatment with nystatin resulted in enhanced phosphorylation of Akt, suggesting activation of PI3K-Akt pathway by nystatin, as PI3K activation leads to phosphorylation/activation of the Akt kinase [@B010]; [@B028]. We assessed the roles of PI3K and Akt in action of nystatin using LY294002 and Akti IV. Akti IV inhibits Akt activation by targeting the ATP binding site of a kinase upstream of Akt, but downstream of PI3K. Inhibition of PI3K resulted in significantly attenuated nystatin-mediated secretion of MIP-1α and MIP-1β, as well as transcription of their genes, and inhibition of Akt resulted in almost complete blockade of upregulation of MIP-1α and MIP-1β. These results indicate the critical role of PI3K-Akt pathway in the action of nystatin leading to expression of MIP-1 proteins. Our finding is in line with the fact that the PI3K/Akt pathway regulates acute and chronic inflammatory processes, and compounds that antagonize the PI3K or Akt isoforms can modulate inflammatory responses [@B030]; [@B023]. Cholesterol binding drugs such as nystatin and filipin have been reported to affect PKC trafficking and downregulation [@B021]. Therefore, the possible role of PKC in nystatin-induced expression of MIP-1 proteins was investigated using PKC inhibitors of Ro-318220 and GF109203X, which inhibit mixed isoforms of PKC. Expression of MIP-1α and MIP-1β induced by nystatin was significantly attenuated in the presence of the inhibitors. In comparison with MIP-1α, expression of MIP-1β was influenced to a lesser extent, which indicated that MIP-1α expression was more dependent on PKC, of the two chemokines.

We demonstrated that treatment of macrophage with nystatin, a cholesterol sequestering agent, resulted in strong expression of MIP-1 chemokines and activation of multiple cellular signaling molecules, including Akt, ERK, p38 MAPK, and JNK, and that inhibition of Akt and JNK as well as PKC led to attenuated production of MIP-1 proteins in response to nystatin. We, however, did not determine whether these factors act in an independent or cooperative manner; therefore, elucidation of the types of connections or crosstalk that may occur in the context of a possible signaling cascade will be necessary for a better understanding of molecular mechanisms of nystatin-induced expression of MIP-1. Based on results of this study, it can be speculated that elevated expression of MIP-1 chemokines in the presence of nystatin may help to clear infection via recruitment of inflammatory cells.
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